Abstract:
Jet rates in deep inelastic electron proton scattering are studied with the H1 detector at HERA for momentum transfers squared between 10 and 4000 GeV 2 . It is shown that they can be quantitatively described by perturbative QCD in next to leading order making use of the parton densities of the proton and with the strong coupling constant s as a free parameter. The measured value, s (M In perturbative Quantum Chromodynamics (QCD), the theory of strong interactions at short distances, cross sections are expressed as power series in the \running coupling constant" s . The value of this fundamental parameter is not given by the theory itself but has to be determined from experiment. Much experimental e ort has gone into the investigation of the dependence of s ( 2 ) The main reason is that, in contrast to e + e ? annihilation, the strongly interacting partons are already present in the initial state. Besides the problem of dealing with the in uence of the hadronization mechanism, one expects signi cant contributions from multiple gluon emission and quark pair creation particularly in the initial state. These parton shower processes are usually only modeled in QCD-inspired Monte Carlo calculations and are not understood at a more fundamental level. Also the parton density functions (PDF) inside the proton are not precisely known.
In this paper a rst attempt is made to extract s from jet multiplicities in DIS. Jet production rates at the partonic level are obtained from jet rates at the detector level by the application of a correction factor and are compared to theoretical predictions in next to leading order (NLO). The paper is organized as follows. Following a discussion of the theoretical basis, the H1-experiment and the data selection are described. Then the correction factors relating the observed jets in the detector to the underlying parton jets and the restrictions in phase space which minimize the in uence of parton showers are discussed. Finally the extraction of s from the data is described.
Many experimental questions relevant to this study, e.g. the existence and properties of jets in DIS, the applicability of the JADE jet clustering algorithm 3], the comparison to QCD Monte Carlo models etc., have already been discussed in a previous paper 4]. Other jet studies with comparisons to leading order (LO) QCD calculations can be found in 5, 6].
Theoretical Basis
The simplest process leading to jets in the nal state in DIS is the hard scattering reaction e + q ! e 0 + q 0 . In order to explicitly account for the proton remnant this process is called a (1 + 1)-jet reaction. A (2 + 1)-jet reaction arises in QCD at order O( s ) via the emission of a hard gluon from the initial or nal state quark (QCD Compton process) or viaproduction in photon gluon fusion processes.
Identifying the scale 2 with the absolute value of the square of the four momentum transfer Q 2 from the incident electron, the ratio of jet cross sections
is determined by the value of s (Q 2 ). The symbol tot here abbreviates the sum 1+1 + 2+1 . In leading log QCD calculations, the cut-o parameter in the expression for S is not well de ned. Changing to 0 is equivalent to replacing log(Q 2 = 2 ) by log(Q 2 = 02 )+2 log( 0 = ). In leading log all constant terms are dropped and therefore all values are equivalent. In contrast, in two loop calculations the constant terms are xed and becomes a meaningful quantity. For quantitative comparisons of the experimental rates with QCD which allow a determination of s it is therefore mandatory to have also R 2+1 computed to O( 2 s ) i.e. in NLO. In this paper we use the results of D. Graudenz 7, 8] , who investigated jet production in electron proton scattering mediated via the exchange of virtual photons. The (1 + 1) and the (2 + 1)-cross sections are computed for all photon helicity amplitudes up to NLO. Numerical predictions of the cross sections for di erent experimental con gurations based on these calculations can be made using the Monte Carlo program PROJET 9] . Other NLO calculations evaluating the sum over the polarization states of the virtual photon have also been published 10].
In NLO the respective cross sections are given by 
The terms A i;j contain the hard scattering matrix elements (without the strong coupling constant) and the parton densities of the incoming proton. The rst index stands for the jet multiplicity as de ned above. The second index indicates the order j s to which the process is calculated. y c is a jet resolution parameter (de ned below), which is necessary both for the assignment of nal states with soft and nearly collinear partons to a given cross section class and for the regularization of in nities in the theoretical expressions. Using eqs. (2) and (3) the ratio in eq. (1) can also be expressed as a power series in s which is correct to O( Besides the arguments given explicitly above, the functions A i;j also depend on other experimental parameters such as acceptance cuts for the scattered electron and the jets. The numerator of eq. (1) is computed from all con gurations with two jets inside the acceptance region and events with at least one jet in the acceptance region contribute to the denominator.
In PROJET the outgoing partons are grouped into jets using a modi ed JADE cluster algorithm, where the proton remnant is represented by a pseudoparticle which carries only longitudinal momentum. The algorithm thus automatically checks whether an outgoing parton can be resolved from the remnant. The jet resolution parameter is given by y c = m
where W is the invariant mass of the hadronic system and m ij the invariant mass of any two objects including the pseudoparticle. 
a forward tracking detector (FT) and a backward proportional chamber (BPC), covering the polar angle ranges 25 < < 155 , 7 < < 25 and 155 < < 175 , respectively. The central and forward tracking devices are used to determine the vertex position, which is for 95% of the events within 30 cm of the nominal interaction point. The BPC, together with the vertex, is used to measure the electron scattering angle in the backward region. The angular resolution achieved is better than 2 mrad.
The scattered electron and the hadronic energy ow are measured in a liquid argon (LAr) calorimeter and in a backward electromagnetic lead-scintillator calorimeter (BEMC). Hadronic showers which are not contained in the LAr are measured in a surrounding instrumented iron system housed in the return yoke of the superconducting solenoid. The solenoid is outside the LAr calorimeter, and it provides a uniform magnetic eld of 1:15 T parallel to the proton beam axis at the interaction point. . A resolution of (E)=E 0:10= p E/ GeV 0:03 has been achieved. By adjusting the measured electron energy spectrum to the kinematic peak the BEMC energy scale is known to an accuracy of 1:7%. A scintillator hodoscope situated behind the BEMC is used to veto proton-induced background events based on their early time of arrival compared to that of the nominal electron proton collision.
Trigger and Data Selection
The analysis is based on a sample of DIS events taken in 1993 with an integrated luminosity of 0:3 pb ?1 . Because of the nature of the H1 detector the data are divided into two sub-samples with di erent sources of systematic errors. The sub-samples consist of events with the scattered electron detected in the BEMC and in the LAr calorimeter respectively. In both cases Q 2 and the usual DIS scaling variable y are calculated from the energy and angle of the scattered electron.
The hardware trigger of the rst sub-sample requires an energy cluster with more than 4 GeV in the BEMC and no time of ight veto from the scintillator hodoscope. After reconstruction the data are subject to the following selection criteria:
1. An electromagnetic cluster must be present in the BEMC, which matches a space point in the BPC, in the range 160 < e < 172:5 .
2. The center of gravity of the electron cluster must have transverse distances to the beam > 14 cm in either of two orthogonal directions to assure that the electron is well contained inside the BEMC.
3. The four-momentum transfer Q 2 measured using the electron must be between 10 and 100 GeV 2 .
4. The energy E 0 e of the scattered electron must be greater than 14 GeV, corresponding to y < 0:5, thus eliminating background from photoproduction. By also suppressing radiative DIS events this cut strongly reduces radiative corrections to the cross section.
The second sub-sample consists of events in which the scattered electron is fully contained in the LAr system. These events were triggered by the LAr electron trigger. Energy clusters are reconstructed from the calorimeter cells. The electromagnetic cluster with the highest transverse energy is accepted as the scattered electron after the following additional cuts:
2. y < 0:7 to suppress photoproduction and radiative DIS events. 3. 10 < e < 148 to ensure the electron is contained in the LAr calorimeter and to avoid the transition region between LAr and BEMC. 4. No muon track is allowed within a cone of 5 half opening angle around the direction of the electron in the instrumented iron system in order to remove cosmic ray events. 5. The energy deposited in the electromagnetic calorimeter in a cylinder extending from radius 15 cm to 30 cm around the electron direction must be below 1.2 GeV to ensure that the electron is isolated. Similarly the energy in the hadronic calorimeter within 30 cm around the electron direction must be less than 0.5 GeV.
6. To avoid migrations from low Q 2 events into the LAr sample, the maximum BEMC cluster energy allowed is 10 GeV. 7. The quantity = P clusters (E ? P z ) is limited to 30 GeV < < 70 GeV. The lower cut excludes events from photoproduction with the scattered electron inside the beam pipe.
As does the cut in y discussed above, this cut also reduces radiative corrections to the cross section.
The following additional requirements were imposed on both sub-samples:
1. An event vertex within 30 cm in z of the nominal interaction point. 
Jet Analysis
Jets are reconstructed from energy clusters in the calorimeters using the JADE algorithm with the remnant pseudoparticle represented by the missing longitudinal momentum in the detector. This choice of algorithm is imposed because the theoretical calculations 7, 8] are performed in this scheme. Here W needed in eq. (4) is calculated from the invariant mass of all objects used including the pseudoparticle. The rates R N +1 are calculated from the number of events with N jets inside the acceptance region divided by the number of events with at least one jet inside this region.
In our previous publication 4] it was shown that the jet rates R N +1 as a function of y c are very well described by the LEPTO 6.1 Monte Carlo program 19] using the MEPS model. This model is based on LO matrix elements and an approximate treatment of higher order e ects with leading log parton showers in the initial and nal state. The hadronization follows the Lund string model as implemented in JETSET 20] . Using this model it was demonstrated that the jet rates at the detector level and the parton level agree within 15% for y c > 0:02 and that there is a moderate migration between jet classes due to the nite resolution in m The present analysis with much higher statistics con rms all these ndings. The good description of the data obtained using the LEPTO generator is however strongly dependent on the inclusion of parton showers in the MEPS model. The (2+1)-jet rate at y c = 0:02 is increased by more than 50% compared to a LO matrix element calculation if parton showers are included. This large e ect is mainly due to initial state parton showering and cannot be accounted for by going from LO to NLO matrix elements.
Using the MEPS model it was found that a cut on the jet polar angle in the laboratory system (# jet > 10 ) greatly reduces the in uence of parton showers, particularly those from the initial state. With this cut the (2 + 1)-jet rate with and without inclusion of parton showers di ers by less than 10%. Because the BEMC is not designed for the measurement of hadronic jets, the jet angle in the backward direction is restricted to # jet < 145 . The MEPS model with these additional cuts gives a very good description of the R N +1 distributions in the LAr sample for all values of y c . The BEMC sample is fairly well described for y c > 0:015 ( g. 1).
In order to determine s (Q 2 ) the low Q 2 sample is divided into three bins with about equal populations of (2+1)-jet events, and the high Q 2 sample into two bins. R 2+1 at the parton level is obtained by multiplying R 2+1 at the detector level by a correction factor. Without acceptance cuts in # jet these factors were found to be close to unity. The inclusive # jet distribution at the parton level di ers, however, from that at the detector level, especially at low values of Q 2 . Therefore, the # jet cut needed for the suppression of parton showers leads to increased correction factors, which were calculated using high statistics Monte Carlo sets generated with the MRSD ? parton densities 22]. They range between 1.08 and 1.52 and are given in table 1 (column 1). The quoted errors are due to the Monte Carlo statistics.
The correction factors were also calculated using a Monte Carlo model which leads to a di erent partonic con guration in the nal state. Events were generated using LEPTO 6.1 to simulate the electroweak interaction and photon gluon fusion, followed by ARIADNE 4. To account for this uncertainty, the QCD t was repeated using CTEQ(2pM) 28] which also includes the HERA structure function measurements. The t yields s (M 
Conclusions
It has been shown that the jet rates in deep inelastic electron proton scattering are well described by a second order QCD calculation. Dividing the data into ve Q 2 bins, the coupling constant s was measured, though in a model dependent way, at these di erent scales using one observable in a single experiment. 
